ABSTRACT
I
n neurovascular procedures, especially the placement of a stent into an extracranial or intracranial artery, clopidogrel resistance is associated with an increased risk of thromboembolic complications. [1] [2] [3] [4] [5] In elective neurovascular stent placement, preprocedural testing of platelet inhibition is increasingly performed to identify patients with clopidogrel resistance. However, test result standards for clopidogrel resistance have not been established, and strong clinical evidence that supports the idea that the results of such tests definitively alter clinical outcomes is still lacking. Light transmission aggregometry (LTA) is considered the criterion-standard test method, but standard values have not yet been established. LTA requires a preparation time of 2 hours, whereas point-of-care methods such as the VerifyNow P2Y12 assay (Accumetrics, San Diego, California) and impedance aggregometry using a Multiplate analyzer (Dynabyte, Munich, Germany) offer periprocedural test results within minutes in the operating suite. 6 A study comparing LTA with point-of-care measurements in percutaneous coronary intervention has shown only modest agreement among the different tests. 7 In neurovascular procedures, clopidogrel resistance has been investigated with various methods. However, a comparison of different test methods to determine the correlation of their results with the occurrence of embolic complications has not yet been performed in the clinical context of neurovascular stent placement.
The purpose of this study was to determine the correlation of platelet inhibition with clopidogrel according to 3 different testing methods and the association of clopidogrel resistance with thromboembolic complications in elective neurovascular stent placement.
MATERIALS AND METHODS
Between September 2011 and August 2012, all consecutive patients who were undergoing elective intracranial or extracranial stent placement for atherosclerotic stenosis or stent-assisted coiling of intracranial aneurysms were included in this prospective study. Patients who underwent extracranial stent placement received local anesthesia, and those who underwent intracranial stent placement were intubated and received general anesthesia. Each patient received 100 mg of aspirin and 75 mg of clopidogrel daily for 5 days before the procedure (n ϭ 80) or a loading dose of 600 mg of clopidogrel the day before the procedure (n ϭ 23). Medication lists of the patients were reviewed before initiating clopidogrel to ensure that they were not taking any drugs that would potentially interact (eg, cytochrome P450 2C19 inhibitors, including proton-pump inhibitors), because that would have affected the results. The study was approved by the Ä rztekammer Hamburg ethical review board, and written informed consent was obtained from each patient. Clopidogrel resistance was analyzed in each patient on the day of the procedure by using LTA (induced by 2 mol/L adenosine diphosphate), the VerifyNow P2Y12 assay, and impedance aggregometry using a Multiplate analyzer. LTA is a method that measures adenosine diphosphate-induced platelet aggregation in platelet-rich plasma by changes in light transmittance. Platelet-rich plasma is acquired by centrifuging citrate-anticoagulated whole blood, which requires a preparation time of 2 hours. The interpretation of the test results requires standardization and a trained laboratory staff. The VerifyNow system is a turbidimetric-based optical detection system that measures platelet-induced aggregation as an increase in light transmittance with citrate-anticoagulated whole blood. The VerifyNow P2Y12 assay is a fast, standardized, point-of-care test that does not require any special training for its performance. The Multiplate analyzer detects platelet aggregation by measuring impedance changes. Hirudin-anticoagulated whole blood is pipetted into a test cell. Aggregation starts by adding the agonist adenosine diphosphate. Pipetting is performed by an attached electronic pipette. No trained staff is needed to perform the test. Clopidogrel resistance was defined as follows: for the VerifyNow P2Y12 assay, Ͼ236 P2Y12 reaction units; for LTA, Ͼ40% of maximal aggregation and disaggregation curve; and for the Multiplate, Ͼ40-U area under the curve value. If 2 of the 3 methods indicated resistance, the clopidogrel dose was increased to 150 mg daily after the procedure. Follow-up platelet-activity testing was not performed. Clopidogrel was maintained for 2 months after the extracranial procedures and 3 months after the intracranial stent-placement procedures; aspirin was continued long term. The stent-placement procedures were performed by 1 of 2 neurointerventionists (A.L. or B.E.) with Ͼ15 years' experience in neurointerventional procedures, both of whom were certified in the stent arm of the German Stent-Protected Angioplasty versus Carotid Endarterectomy (SPACE) study. Neurologic examination was performed on each patient promptly after the intervention and before discharge by an independent neurologist. Each patient was monitored on a stroke unit certified by the German Stroke Society for at least 24 hours. In case of a new neurologic deficit, MR imaging was performed. A thromboembolic complication was defined as transient or persistent neurologic deficits associated with new DWI lesions found on MR imaging. NIHSS and the mRS were used to grade and follow up on neurologic deficits. After 3 months, clinical follow-up was accomplished by a structured telephone interview.
All statistical tests were performed with the use of SAS software version 9.3 (SAS Institute, Cary, North Carolina). For correlations between the continuous values of the 3 test methods, Spearman rank-order correlation () was used. A perfect monotonic relationship is represented by a value of 1 or Ϫ1. The clopidogrel resistance status in each method was entered in a multiple logistic regression model.
The sensitivity, specificity, positive predictive value, and negative predictive value of the 3 methods relating to the occurrence of thromboembolic events were calculated by building contingency tables.
Differences between categoric variables were evaluated with the 2 test or with the Fisher exact test in case of small expected cell frequencies. All P values were 2-sided. For all the statistical tests, a P value of Ͻ.05 was considered significant.
RESULTS
During the study period, 107 patients underwent neurovascular stent placement. Ten patients were excluded because of insufficient laboratory data or different antiplatelet therapy. The data analysis included 103 procedures in 97 patients. The procedures were stent placements for extracranial stenosis (n ϭ 77) or intracranial stenosis (n ϭ 16) and stent-assisted intracranial aneurysm coilings (n ϭ 10). The mean patient age was 67.2 years; there were 64 male and 33 female patients.
Clopidogrel resistance was detected with LTA in 49 (47.6%) measurements, with VerifyNow in 52 (50.5%) measurements, and with the Multiplate in 35 (34%) measurements. The incidences of clopidogrel resistance in the 3 tests are listed in Table 1 . In 33% of the measurements, all 3 tests indicated sufficient platelet inhibition; in the remaining two-thirds of the cohort, clopidogrel resistance was found in at least 1 of the 3 methods, and in 42%, clopidogrel resistance was found in 2 of 3 assays. Concordant clopidogrel resistance in all 3 methods was seen in 23% of the measurements. According to the study protocol, 39 patients (43 procedures) received 150 mg of clopidogrel after the procedure. .0001), LTA with VerifyNow ( ϭ 0.33; P ϭ .0008), and VerifyNow with the Multiplate ( ϭ 0.28; P ϭ .0041). The correlations of the qualitative classification of a patient as clopidogrel responsive or resistant were 67.9% for LTA with VerifyNow, 77.7% for LTA with the Multiplate, and 66% for VerifyNow with the Multiplate. Nine thromboembolic events that led to major stroke (1 patient), minor stroke (4 patients), or TIA (4 cases) occurred during the interventions. Thromboembolic complications occurred in 2 cases of stent-assisted aneurysm coiling, in 2 cases of extracranial vertebral stent placement, and in 5 cases of extracranial carotid stent placement. During the stent placements for intracranial stenosis, no thromboembolic complications occurred. In all 4 patients with transient symptoms, postprocedural MR imaging detected new DWI lesions. Additional TIAs without DWI lesions did not occur. No delayed thromboembolic complications (before discharge) occurred in any patient.
One patient who experienced thromboembolic procedural TIAs in 2 separate treatments of a symptomatic extracranial ICA stenosis and a vertebral artery-origin stenosis was classified as clopidogrel responsive by all 3 test methods in both stent-placement procedures (Nr.53 and Nr.54 in Figures). In this patient, no hematologic or anatomic abnormalities were found. In the remaining 7 complications, clopidogrel resistance was identified in all cases by LTA, in 6 cases by VerifyNow, and in 4 cases by the Multiplate. The correlations of the qualitative test results of each method with the occurrence of thromboembolic complications are listed in Table 2 . Results of the statistical analysis of the qualitative test results in relation to thromboembolic complications (yes/no) are shown in Table 2 .
Follow-up data were available after 3 months for 75 patients (81 stent-placement procedures), including all 39 patients whose dosage of clopidogrel was doubled. Follow-up telephone interviews did not reveal any medication-noncompliance issues. During the follow-up period, 1 ipsilateral stroke and 3 ipsilateral TIAs were detected. One postdischarge stroke occurred after ICA stent placement in a patient (Nr.100) who was identified as clopidogrel resistant by LTA alone and treated with 75 mg of clopidogrel after the procedure. Three postdischarge TIAs occurred after extracranial ICA stent placement. All 3 patients were identified as clopidogrel resistant according to all 3 tests and were treated with 150 mg of clopidogrel after the procedure. A symptomatic bleeding complication occurred in 1 patient suffering epistaxis and required embolization treatment; the patient recovered completely. Neither stent thrombosis nor intracerebral bleeding was detected in any patient.
DISCUSSION
To our knowledge, this is the first study to correlate 3 different clopidogrel-reactivity assays in the clinical context of elective neurovascular stent placement. In 67% of the patients, at least one test method revealed clopidogrel resistance. The clopidogrel-responsive status differed among the different methods for a considerable number of patients. Embolic complications occurred more frequently in patients with clopidogrel resistance determined by all 3 types of tests. The LTA results revealed a more accurate correlation of clopidogrel resistance and thromboembolic complications than the VerifyNow and Multiplate point-of-care methods.
The rates of clopidogrel resistance differed among the Multiplate (36%), LTA (48%), and VerifyNow (50%) methods. These data are in accordance with those of previous studies, which have indicated clopidogrel-resistance rates from 37% up to 52% in patients who were undergoing cerebrovascular stent placement. 2, 5 The clopidogrel dosing schedule in our study was 75 mg daily for 5-7 days before the intervention or a 600-mg loading dose on the day before the intervention. A loading dose of clopidogrel is usually given just 1 day before the procedure. Some centers, especially cardiology, recommend a loading dose of 300 -600 mg of clopidogrel even 5 days before intervention. The relatively low doses may explain the high percentage of clopidogrel-resistant patients in comparison with that found in cardiology studies. Analysis of the correlation of different test methods was performed in one percutaneous coronary intervention study that compared LTA, VerifyNow, and a vasodilator-stimulated phosphoprotein phosphorylation assay. The incidence of clopidogrel resistance varied from 16% up to 39% in the patients. The level of agreement between the assays was in the moderate-to-poor range, with Spearman correlation coefficients between 0.60 and 0.86. 7 Statistical analysis of the quantitative results in our study revealed significant but poor correlations between the different types of tests, with Spearman correlation coefficients between 0.28 and 0.52. In addition, the correlation of the qualitative classifications of a patient as clopidogrel responsive or resistant was poor in our study and ranged between 66% and 78% with the different measurements. In accordance with the percutaneous coronary intervention study by Gaglia et al, 7 the results of our study underline the fact that results of the different tests do not agree in a notable number of patients.
Several studies have found a strong correlation of insufficient clopidogrel-related platelet inhibition and an increased risk of thromboembolic events in supra-aortic stent placement and in cerebral aneurysm coiling. 1, [3] [4] [5] 8 In line with the results of previous studies, we found increased complication rates in patients with clopidogrel resistance as determined by all 3 methods, but because of the small number of patients, the difference was not statistically significant. In patients who were deemed clopidogrel resistant by LTA, the complication rate was 14.3% (vs 3.7% of clopidogrel-responsive patients). The discrepancies in complication rates between clopidogrel-resistant and -responsive patients were less convincing with the VerifyNow (11.5% vs 5.9%, respectively) and Multiplate (11.4% vs 7.5%, respectively) methods. Hence, the statistical correlation of clopidogrel reactivity and the occurrence of embolic complications indicates a higher sensitivity for LTA (78%) than for VerifyNow (67%) and Multiplate (44%) testing.
In the present study, 1 patient who suffered a procedural thromboembolic TIA in 2 separate treatments of a symptomatic extracranial ICA stenosis and a vertebral artery-origin stenosis was classified as clopidogrel responsive by all 3 test methods in both stent-placement procedures, indicating that clopidogrel resistance is a major, but not the exclusive, factor of thromboembolic complications. In the remaining 7 thromboembolic complications, LTA identified clopidogrel resistance in all cases, VerifyNow in 6 cases, and the Multiplate in 4 cases.
The pharmacologic response of the P2Y12 receptor antagonists such as clopidogrel strongly depends on cytochrome P450 genetic polymorphism. Carriers of reduced-function CYP2C19 alleles have significantly lower levels of active metabolite, resulting in diminished platelet inhibition. 9, 10 The pharmacodynamic process of converting the predrug into the active metabolite dif- fers between clopidogrel and the newer generations of antiplatelet agents such as the thienopyridine prasugrel. The conversion of prasugrel to its active metabolite involves cytochrome P450 subenzymes different than those involved by clopidogrel. The cyclopentyltriazolopyrimidine ticagrelor is not a prodrug and does not need cytochrome P450 -dependent conversion at all. In contrast to clopidogrel, the common functional cytochrome P450 genetic variants did not affect active drug metabolite levels and platelet inhibition in patients treated with prasugrel in a cardiology study. The complication rate in percutaneous coronary intervention was not increased by any kind of cytochrome P450 gene variation in patients who were treated with prasugrel.
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Because of the increased thromboembolic risk and unreliable test results for clopidogrel resistance, neurointerventionists have discussed the alternative application of these new antiplatelet agents. However, in patients with acute coronary syndromes and a history of stroke or TIA who were monitored over a time period of 15 months, the rate of intracranial bleeding was found to be 2.3% among patients on aspirin and prasugrel compared with 0% in the aspirin-plus-clopidogrel arm. 12 According to this study, prasugrel is contraindicated in patients with recent stroke or TIA and cannot be used as an alternative to clopidogrel as a periprocedural stent-placement medication for symptomatic extracranial or intracranial stenosis, regularly associated with TIA or stroke. In another recent study in which aspirin plus ticagrelor versus aspirin plus clopidogrel were compared in patients with acute coronary syndromes, a previous history of ischemic stroke or TIA was identified as a significant risk factor for impaired clinical outcome, but the bleeding rates in these high-risk patients who received ticagrelor were consistent with those of the overall trial population, and a favorable clinical benefit was found. 13 In neurovascular stent placement, the alternative use of prasugrel or ticagrelor may be indicated for patients with clopidogrel resistance. Pilot studies have found contradictory results. In a study that included 16 patients, prasugrel was found to be effective and safe for neurointerventional procedures. 14 In another study that included 67 patients in various clinical conditions, including intracranial bleeding caused by arteriovenous malformation and aneurysm rupture, the use of aspirin and prasugrel in clopidogrel-resistant patients was associated with an increased risk of hemorrhagic complications over that of aspirin and clopidogrel therapy (19.4% vs 3.6%, respectively; P ϭ .02). 15 Additional studies in the setting of neurovascular stent placement with these alternative drug administrations and homogeneous study conditions, including postprocedural platelet-inhibition testing, are required. Dose elevation to 150 mg of clopidogrel daily may be a treatment alternative. In a recent study, the stroke rate after dose adjustment in clopidogrel-resistant patients declined to 4.5% compared with the 10.3% stroke rate in those who received standard clopidogrel treatment. 5 In our study, preprocedural clopidogrel treatment consisted of the standard 75-mg dosage. As a practical approach to preventing delayed complications, the study protocol dictated an increased dosage of 150 mg of clopidogrel after the procedure if clopidogrel resistance was evident in at least 2 of the 3 assays. Thirty-nine patients were treated with 150 mg of clopidogrel daily for 2 months after extracranial stent placement or for 3 months after intracranial stent placement. Follow-up plateletinhibition testing was not performed. Three patients suffered recurrent ipsilateral TIAs despite the increased clopidogrel dosage during the follow-up period. Only one patient suffered epistaxis and required embolization treatment. Neither intracranial bleeding complications nor stent thrombosis occurred during the 3-month follow-up period. These observations provide a hint that a regimen of 150 mg of clopidogrel daily does not increase the bleeding risk but may not be effective in preventing delayed ischemic complications. However, our study was focused on periprocedural complications, and the follow-up data are not sufficient to draw any conclusions. Additional follow-up studies with alternative medication and continuous platelet-reaction measurements are needed. There are several limitations to this study. Thromboembolic complications cannot be attributed only to insufficient platelet inhibition by clopidogrel but are the result of various risk factors, such as the degree of atherosclerosis, the configuration of the neurovascular access, the experience of the neurointerventionist, and low-aspirin-responder status. These factors were not analyzed separately in our study. In addition, we included different types of neurovascular stent-placement procedures with different risk profiles, such as stent placement for extracranial and intracranial stenoses and intracranial stent-assisted aneurysm treatment. A control group did not exist. Clopidogrel dosages were not completely homogeneous in the patient cohort, and postprocedural platelet-inhibition testing was not performed.
The strengths of our analysis were the consecutive assessment of all patients, the treatment by only 2 experienced neurointerventionists, and the comparison of 3 different test methods.
CONCLUSIONS
Clopidogrel resistance is a frequent finding in the clinical context of neurovascular stent placement and seems to be associated with an increased risk of thromboembolic complications. Different testing methods correlate poorly with regard to quantitative and 
